ABSTRACT
INTRODUCTION
As students progress through undergraduate engineering programs, they are expected to attain a variety of skills, including designing systems or components to meet desired client needs, identifying and solving engineering problems, and understanding engineering solutions within broader contexts, such as global or environmental [1] . Similarly, technical leaders are calling for a new generation of engineers who can create innovative products that are competitive in the global marketplace [2] . Accordingly, it is important for undergraduate engineering curricula to have a positive impact on the students' capabilities for innovation and creativity.
Current research shows that advanced students often show higher levels of creativity than beginning students [3] [4] [5] [6] , but some studies have shown that graduating engineers are less innovative than entering freshmen [cf. 7] . The majority of the previous research studies, however, have only used crosssectional analyses to contrast extreme groups (freshmen vs. seniors). To fully understand the impact of the curriculum on students' innovation capabilities, both cross-sectional and longitudinal analyses must be used.
One reason to utilize both cross-sectional and longitudinal analyses is that the relationship between skill building and creativity is not consistent. Some researchers [8] believe that higher levels of skill will lead to higher levels of creativity, as individuals have more cognitive resources available to consider creative solutions to problems when they do not need to spend those resources on figuring out basic problem elements. To put Ericsson's [8] suggestion in the context of the undergraduate curriculum, he would suggest that senior students would be able to generate more creative solutions to engineering design problems than freshman students because the seniors would have more in-depth, easily accessible knowledge of mathematics, engineering, and design principles. In contrast, other researchers have found that highly skilled individuals are less likely to solve problems creatively when their knowledge is not consistent with the requirements of the problem [9] [10] . These findings suggest that freshman engineering students may outperform seniors when a design problem requires a non-standard solution or is in a context that the students find unfamiliar. Because freshmen have less knowledge in general, they may make fewer assumptions when they are given design problems, thus yielding more innovative solutions.
Another reason to utilize cross-sectional and longitudinal analyses is to more fully examine the influence of academicallyrelevant individual difference variables, such as GPA and selfefficacy, on the development of innovation capabilities. Some researchers [cf. 11] have found positive relationships between standardized creativity tests (Torrance Tests of Creative Thinking) and academic performance. As discussed earlier, as individuals acquire skills, such as the skills that students learn through undergraduate engineering curricula, they move from more declarative, cognitive resource-demanding processing of information to more procedural, cognitive resource-free processing of information [12] . At the early stages of skill acquisition, individual differences in general abilities, such as intelligence or reasoning, are often correlated with performance, but as individuals practice more and gain proficiency in a skill, the role of individual variation diminishes [13] . Therefore, it is important to account for individual differences in intelligence when examining the development of innovation capability across the curriculum. In the current study, academic performance (GPA) serves as a proxy for intelligence.
Self-efficacy, which can be defined as a person's belief in his/her abilities for a particular task or situation [14] , is also important to examine when measuring the development of skills such as innovation capability. As individuals acquire skills, their performance accomplishments shape their self-efficacy. Thus, it is possible that self-efficacy may increase as students acquire skills across the undergraduate engineering curriculum. Although self-efficacy can be measured as a general individual difference variable, it is usually related to a specific domain. Therefore, we look at the role of engineering design self-efficacy, which is assessed through a survey inspired by Carberry, Lee, and Ohland's [15] measure. Changes in engineering design-self efficacy are measured along with changes in innovation capabilities. Further, the interaction between academic performance and engineering design self-efficacy is assessed. In previous research, we [6] found an interaction between these variables in freshman students. At high levels of GPA, design originality increased with self-efficacy scores, while at low levels of GPA, design originality decreased as self-efficacy scores increased. However, all of our previous research has been limited to cross-sectional analyses; whereas, the research presented in this paper includes longitudinal analyses for the first time.
In this paper, we examine the innovation capabilities of undergraduate engineering students through their performance on a concept generation exercise. We use both cross-sectional and longitudinal analyses to examine the effect of the undergraduate engineering curriculum on the originality of the generated concepts. We also examine the relationship between originality and individual difference variables such as academic performance and engineering design self-efficacy.
METHOD

Participants
Participants were 242 undergraduate students enrolled in undergraduate engineering courses at the University of Massachusetts Dartmouth (UMD). Students completed the concept generation procedure as part of an in-class exercise about creativity. No demographic data were collected about the participants.
Materials and Procedure
Participants were separated into groups of 4-6 students and provided with a consent letter. They also received blank paper and a colored marker for drawing their concepts. Each group received a sample product for the redesign exercise. For this experiment, the sample product was a simple litter collection device (see Figure 1) . After receiving the materials, the experimenters explained the concept generation exercise to the students. All participants took part in a modified version of the 6-3-5 concept generation technique [16] . Participants were instructed that they had 10 minutes to individually sketch 3 concepts of a next generation litter collection system. No additional technical requirements were provided. After the individual sketch period, participants circulated the concepts clockwise to the next student in the group, who modified and augmented the concepts over a 5 minute period. Concept sketches continued to be circulated until they returned to the original owner, or at least were passed to 3 different participants within the group. This procedure is the same as was reported in Kershaw et al. [6] .
After completing the 6-3-5 procedure, participants selfreported their GPAs by choosing one of 13 options, ranging from 4-3.75 to below 1.00. Students also rated their engineering design self-efficacy by rating 11 items on a 5 point Likert scale ranging from True to Not True (see Table 1 ). The engineering design self-efficacy survey items are similar to the concepts from [15] but also ask participants to rate how good they are at coming up with new ideas and how creative they are. In addition, unlike Carberry et al.'s [15] 0-100 scale, participants rated each survey item on a Likert scale.
After completing the surveys, participants were thanked for their participation and asked not to discuss the concept generation exercise or their design ideas with anyone outside of the class. Students then returned to their classroom activities for the day. Instructors did not discuss the design generation exercise further, nor was it connected to any other course learning activities. 
Analysis
To score the engineering design self-efficacy survey, a value was assigned to each point on the Likert scale (True = 5, Somewhat True = 4, etc.) and all values were summed. The maximum possible engineering design self-efficacy score was 55. Self-reported GPAs were also coded for analysis. The highest GPA, 4-3.75, was coded as 13, 3.74-3.5 was coded as 12, and so forth until below 1.00 was coded as 1. Both engineering design self-efficacy and GPA scores were converted to z-scores for the regression analyses reported in the Results section.
Originality Coding: Concept Level. The originality metric (Table 2 ) was derived from the CEDA instrument developed by Charyton, Jagacinski, and Merrill [17] . Several modifications were made: first, we only used the originality scale, and not the other items. Second, we modified the original 11-point scale to a standard 5-point Likert scale, based on higher inter-rater reliability findings by Genco, Johnson, Hölttä-Otto, and Seepersad [18] .
In previous research [6, 7, 18] this originality coding metric has been applied at the feature level of a concept. For example, when scoring the originality of design ideas for a next-generation alarm clock, features such as mode of alarm, display type, and user interaction were considered. A set of features was also defined for litter collection system designs [19] including features such as how the device harvests litter and how the device stores garbage. For the current data set, however, a decision tree ( Figure 2 ) was used to assess the originality of the concept as a whole. Of the 569 concepts produced by the participants, a subset (90 concepts) was coded by three of the authors. The reliability Improvements are minor or isolated from the rest of the resign. The improvement is peripheral to the function.
2.5
Improvements are moderately integrated; design remains typical.
The improvement is essential to the function.
5
Improvements are made at the system level, and the entire concept is integrated around those innovations.
Is the design so unique it is unlikely to be seen again? between raters was evaluated using Cohen's [20] weighted kappa, which accounts for chance agreement between raters and includes a provision for scaled disagreement. Fleiss [21] defined an inter-rater agreement of 0.6-0.8 as "substantial." After the training round of 90 concepts, inter-rater agreement between the three raters exceeded 0.7. The raters discussed any remaining differences and identified a mutually agreeable final rating for the subset of concepts. After the training round, the remaining concepts were coded by the third author. Each concept was also rated for technical feasibility [22] . However, feasibility was very high across all groups (M = 9.67 out of 10) and there were no differences between participant groups. Therefore, only originality results will be presented.
Originality Coding: Individual Contributions to Concepts. In the analysis described above, concepts were coded as a whole (see next section and Figures 3 and 4 for examples) using the decision tree shown in Figure 2 . The final concept was coded for originality. In a subsequent analysis, we assessed the contribution of each individual to each concept produced by the group. We were able to track each individual's contribution because each group member was assigned a different color marker. The purpose of this individual contribution analysis was to examine how individual difference factors, such as engineering design self-efficacy and academic performance, impact innovation capability. It would be inaccurate to assess the contributions of individual difference variables on creative products solely at the group/concept level.
To complete this analysis, a table was created for each group with the concepts produced by the group as the rows and the individual group members as the columns. The decision tree shown in Figure 2 was then applied to each individual contribution. As was done for the concept-level coding, a subset of the individual contributions were coded by three of the authors to determine inter-rater agreement. After review of the contributions of 35 individuals to 90 concepts, inter-rater agreement (kappa) between the three raters was .85. The second author then coded the remaining individual contributions to the concepts.
Sample Coding of Originality. A sample demonstration of the concept-level and individual-contribution originality coding is applied to the concepts shown in Figures 3 and 4 . At the concept level, the concept shown in Figure 3 received a 5. It is an improvement to the function of a standard litter picker. This design received a concept score of 5 because, according to the decision tree (Figure 2 ), the concept shows moderate improvements over a standard litter picker, and these improvements are somewhat integrated. For example, the modified ends are expandable and include sensors that detect particular types of materials. At the same time, much of the design remains typical. It is clear from Figure 3 that the originator of the design, green, has copied his/her drawing from the design of the provided sample litter picker.
At the individual level, this concept showed a high level of synergy between the group members. Most of the members of the group participated in a constructive manner. Green is the originator of the design, and modifies the basic litter picker by suggesting that different ends are needed to collect more litter. Purple suggests that these different ends should be expandable. Green and purple's ideas were both minor, isolated improvements to the basic litter picker and thus both were given an individual originality score of 2.5. Teal suggests that sensors could be incorporated into these larger, expandable ends to detect particular types of material, such as gold. Teal's contribution suggests a more system-level than isolated change, yet most of the design remains standard. Thus, teal was given an individual originality score of 5. Because red only commented on the concept without making any modifications, he/she received an originality score of 0. At the concept level, the concept shown in Figure 4 received a 2.5. This design is a standard litter picker that is very similar to the sample that was provided to students, but has a minor addition of telescoping. According to the decision tree ( Figure  2 ), minor or isolated improvements such as telescoping features should receive an overall originality score of 2.5. Because this concept has only one minor addition to a standard design it received a concept originality score of 2.5.
At the individual level, this design is an example of one group member, in this case the originator, being responsible for the overall concept originality while the other members are supportive of the design choices. Blue is the originator and contributed the telescoping feature to the standard picker design and received the individual score of 2.5 for a basic and minor addition to the picker. Brown, green, and red each received individual scores of 0 because they did not contribute to the design by drawing in improvements, they only commented in agreement with the design blue made. 
RESULTS
A total of 569 concepts, produced by 242 individuals, were evaluated for this study. The results section is organized in the following way: first, differences between students at different levels of the undergraduate curriculum are assessed crosssectionally. These analyses focus on originality at the overall concept level and the individual level, and consider the contribution of individual differences variables, such as academic performance (GPA) and engineering design selfefficacy. Second, differences between students at different levels of the undergraduate curriculum are assessed longitudinally. Specifically, the concept-level and individual-level originality scores are compared within a group of students who were juniors during the Fall 2012 semester and seniors during the Spring 2014 semester. The contribution of individual differences variables is also considered in terms of potential longitudinal changes in academic performance (GPA) and engineering design selfefficacy. Table 4 summarizes the mean overall concept-level originality ratings for each group of participants. Originality was scored using the decision tree shown in Figure 2 . As described in the Analysis subsection of the Method, concept-level originality was coded based on the contributions of all individuals to a concept.
Cross-Sectional Differences in Originality
A one-way analysis of variance (ANOVA) was used to test differences in concept-level originality scores between the four curriculum groups (freshman, sophomore, junior, senior). Although there were unequal group sizes, Levene's test was not violated. No group differences were found, F < 1. To confirm this lack of group differences, a follow-up test was done comparing the opposite ends of the curriculum, freshman and senior students. This follow-up test also considered the effect of semester. During the 2012-2013 school year, we tested different groups of freshmen and seniors at the beginning and end of the school year to track cross-sectional differences across one year. A 2 (group: freshmen vs. seniors) x 2 (semester: fall vs. spring) ANOVA was conducted. No main effects were found for group or semester, both Fs < 1. A marginal interaction was found, however, F (1, 419) = 2.60, p = .10, η p 2 = .01. Because previous research using the same samples with a different concept has found significant results between freshmen and seniors [6] , we decided to follow-up on this marginally significant interaction with two independent samples t-tests. Seniors' originality improved from Fall 2012 to Spring 2013, t (115) = -2.27, p = .03, while freshmen's originality did not, t (214) = 1.24, p = .22 (see Figure 5 ). Although seniors tested at the end of the Spring 2013 semester had higher originality scores than seniors tested at the beginning of the Fall 2012 semester, these students did not differ in academic performance (GPA, leading to lower participant group sizes than shown in Tables 4  and 6 . Because originality was scored in two ways, it was also important to check for cross-sectional differences when originality was scored at the individual level. As described in the Analysis subsection of the Method, individual-level originality was scored by coding the contributions each individual made to each concept produced by their 6-3-5 group. The originality of each contribution was still scored using the decision tree shown in Figure 2 . A student's individual-level originality score was the sum of all his/her originality scores divided by the total number of concepts to which he/she contributed. Therefore, the scores shown in Table 5 are proportion scores. Table 6 summarizes the mean individual-level originality ratings for each group of participants. The first analysis conducted was an overall group comparison to check that there were still no curriculum group differences when originality was defined at the individual level. A one-way ANOVA was not significant, F (3, 238) = 1.90, p = .13, η p 2 = .02.
To confirm this lack of group differences, a follow-up test was done comparing freshman and senior students, as was done with concept-level originality. This follow-up test also considered the effect of semester. As mentioned previously, during the 2012-2013 school year, we tested different groups of freshmen and seniors at the beginning and end of the school year to track crosssectional differences across one year. A 2 (group: freshmen vs. seniors) x 2 (semester: fall vs. spring) ANOVA was conducted. As at the overall concept level, no main effects were found for group or semester, Fs < 1.18. An interaction was found, however, F (1, 176) = 5.48, p = .02, η p 2 = .03. Two independent samples t-tests were conducted to followup on this significant interaction. For both tests, Levene's test showed that the equal variance assumption was violated, and thus the t values reported are based on unequal variances. There was a marginally significant increase in seniors' originality from Fall 2012 to Spring 2013, t (48.22) = -1.84, p = .07, while there was not a significant change in freshmen's originality, t (16.30) = 1.16, p = .28 (see Figure 6 ). Further Individual Differences Analyses. When analyzing originality using cross-sectional analyses, we have reported individual difference variables to show that differences in originality between groups were not due to non-curricular factors that we measured. But it is possible that these noncurricular individual difference factors, academic performance (GPA) and engineering design self-efficacy, could impact originality scores within the curriculum groups. In previous research, we [6] found that academic performance and engineering design self-efficacy interacted to predict originality scores within freshmen.
For each curriculum group (freshmen, sophomores, juniors, seniors), a hierarchical linear regression was conducted with individual-level originality as the dependent variable. Academic performance (GPA) was entered in the first block, engineering design self-efficacy was entered in the second block, and an interaction between academic performance and engineering design self-efficacy was entered in the third block. Descriptive statistics for the individual difference variables are in Table 5 and descriptive statistics for individual-level originality are in Table  6 .
In the freshman group, the overall hierarchical regression model was not significant, R 2 = .05, F (3, 95) = 1.50, p = .22. Academic performance (β = -.08, p = .39) and its interaction with engineering design-self efficacy (β = -.11, p = .33) were not significant predictors of individual-level originality scores. Engineering design self-efficacy alone (β = .24, p = .45) was significant, and in the expected direction (higher self-efficacy was associated with higher originality scores), but as noted earlier, the overall model was not significant.
This pattern repeated in each of the other curriculum groups. Academic performance (GPA) and engineering design selfefficacy were not significant predictors of individual-level originality scores in the sophomore (R 2 = .02, F (3, 34) < 1), junior (R 2 = .06, F (3, 18) < 1), or senior groups (R 2 = .05, F (3, 76) = 1.26, p = .30). Unlike in the freshman group, none of the individual predictors reached significance in non-significant overall regression models.
Longitudinal Differences in Originality
In order to measure longitudinal changes in originality, we collected data from large groups of students during the 2012-2013 academic year and hoped to catch them again during the Spring 2014 semester. Students who took MNE 381 in the Fall 2012 semester were juniors, and should have been seniors during the Spring 2014 semester and enrolled in MNE 498. Twentyseven students participated in our research in both of these classes. Unfortunately, not all of the students in Fall 2012 completed the 6-3-5 concept generation exercise with the goal of producing a next-generation litter collection system. Some of the students instead were asked to produce a next-generation alarm clock. Details about the methodology of the 6-3-5 alarm clock concept generation exercise are provided in Kershaw et al. [6] .
The first longitudinal analysis compared the concept-level originality scores of this group of 27 students. They produced 71 concepts during the Fall 2012 semester and 75 concepts during the Spring 2014 semester. An independent samples t-test showed a marginally significant improvement in originality. This group of students produced more original designs in the Spring 2014 semester (M = 2.27, SD = 2.02) than in the Fall 2012 semester (M = 1.62, SD = 2.20), t (144) = -1.85, p = .07.
This first longitudinal analysis, however, is confounded by having different idea generation tasks. In the second analysis, we compared only those students who produced next-generation litter collection systems during the Fall 2012 and Spring 2014 semesters. To complete this analysis, individual-level originality scores were used. Thus, we were able to look at the development of innovation capability within this group of students without considering the influence of other students within their 6-3-5 groups. Unfortunately, only 7 students met the inclusion criteria for this test. The result, however, was significant. A paired samples t-test showed that students' originality scores improved from Fall 2012 (beginning of junior year, M = .46, SD = .36) to Spring 2014 (end of senior year, M = .94, SD = .25), t (6) = -3.76, p = .01. This significant result is shown in Figures 7 and 8 . In Figure 7 , a scatterplot shows how each student in this analysis improved over time. Figure 8 shows the overall mean change.
This increase in originality scores over time occurred without corresponding changes in academic performance (GPA) or engineering design self-efficacy. This group of students reported the same mean GPA at each data collection point (M = 9.71, SD = 1.70) and had no significant change in self-reported engineering design self-efficacy between the Fall 2012 (M = 44.14, SD = 8.47) and Spring 2014 semesters (M = 45.00, SD = 4.55), t (6) = -.25, p = .81. 
DISCUSSION
The results of the current study are a first step in a longitudinal assessment of design creativity that will lead to an assessment of the curriculum. A significant finding in the study was that design originality was significantly higher for senior students in their Spring senior design class (Spring 13 and Spring 14 respectively) compared to both the Fall senior design (Fall 12) and Junior Design of Machine Elements class (Fall 12). These results are obtained at the group level as well as the individual level. However, academic performance (GPA) and engineering design self-efficacy did not seem to have a significant impact on originality scores. It is possible that academic performance did not play a role in the improvement by the end of the senior year due to multiple findings that general abilities, such as intelligence, do not influence performance once proficiency has been reached [cf. 13] . In previous work we found that academic performance interacted with engineering design self-efficacy to predict the creativity of freshman students [6] , but this result was not replicated in this study. Therefore, the root cause of improvement in design originality is more complex than is reflected in easily measurable parameters and needs further exploration.
Improvement in originality from junior to senior year can be possibly traced to the curriculum progression. The Fall junior class was a class in Design of Machine Elements (MNE 381) where the students were for the first time introduced to aspects of Engineering design based on concepts they had learned earlier in other courses in the freshmen and sophomore years. Two of these courses where data were gathered were EGR 102 (Introductory Engineering) and EGR 241 (Statics) where students were still in the process of learning fundamental physical concepts but were not designing based on engineering principles. The junior course is the beginning of integrating various concepts into a design framework. The process further carries through in other courses in the junior year as well as senior year (courses include Design for Manufacturing, Mechanical Systems Design and Thermal Systems Design). The culmination is in the Spring semester Senior Design course which is the second of a two semester sequence. This is the course where students are required to deliver a functional prototype of a design they had envisioned in the previous semester. In a way, it is expected that students will have a better sense of overall design process and a better sense of interplay and integration across the curriculum. It is important to further explore if the design experience allows students to be more creative.
It is also important to understand the cohort groups for all the classes analyzed in this study. EGR 102 is a freshman engineering class that has students from various engineering disciplines as well as undeclared students. In the sophomore year, EGR 241 has only Mechanical and Civil Engineering students. It is only in the junior year that the cohort group is fully involved in the practice of mechanical engineering. Finally, in the senior year, the class is mostly mechanical engineering majors with a few students from electrical engineering. Under these circumstances, the design of the "next generation litter collector" may be perceived as a mechanical design and therefore may impact the perception and eventual performance of non-mechanical engineering students. This effect has not been considered in the current study. Likewise, the possibility has not been explored that students with different training in the introductory courses, such as mechanical vs. civil engineering students, may have different levels of innovation.
It is clear from the series of studies performed by our group and our collaborators [cf. 6, 7, 18] that there is a measurable improvement in design originality by the end of the senior year; however no significant improvement is measurable in the first few years of the curriculum. While it can be argued that no design specific training is started until the junior year and true integration occurs only in the senior design course (two semester sequence), there are still examples of creative solutions coming from students at all levels (freshmen to seniors). Closer analysis of the profile and performance of these individuals are necessary to understand their approach to design. Although every engineering class provides numerous examples of problems, they are mostly stand-alone examples and heavily geared toward the specific context of a physical or mathematical problem. Students lack a true integration platform in a majority of these courses.
The department of Mechanical Engineering at UMass Dartmouth has taken concrete steps to introduce more synergistic design principles in the freshmen year through a newly formed Introduction to Mechanical Engineering (MNE 101) course. In MNE 101 students are being taught the basic concepts of design and drafting using Solidworks I. Using their drafting knowledge and some predefined design constraints, students have to design and 3-D print components of machinery and explore whether their design allows the parts to fit correctly and allow the machine to function properly. This assignment has concepts of reverse engineering. Outcomes for the MNE 101 course include learning basic concepts of drafting, tolerance and manufacturability. In addition, a reformulated Mechanical Systems Design and Controls (MNE 391) course in the junior year and the newly introduced Thermal Systems Design (MNE Mechanical Systems Design and Control course integrates concepts from dynamics and mechanics of materials in a systems-based integration via short projects and laboratory exercises. Similarly, the Thermal Systems Design course requires an integration of thermodynamics, fluid mechanics and heat transfer concepts into cycle analysis and heat exchanger designs, explored both through theoretical designs as well as laboratory experiences. The junior and senior courses where design is explored at a systems level give students a better picture of integration. Of course, data will still need to be collected longitudinally to find if there is an improvement in design originality as a result of each course. Finally, it is important to consider the role of the group environment on design originality. Design fixation does not just occur due to individual decisions, and being in a group can enhance or hinder creativity [23] . Previous research using the same design problems as the current paper indicated that the originality of the initial concept was improved by the contributions of the group members [24] . The current data, however, may show something different. As shown above, there are concepts where only a single individual generates an original design ( Figure 4 ) and concepts where multiple group members contribute to the originality of a design (Figure 3) . We plan on further exploring the idea of synergistic vs. non-synergistic group design within the current data. Level of synergy may be affected by curriculum level, familiarity with the group members (for example, our senior students completed the concept generation task within their project groups), or individual characteristics of the group members. This future analysis would also have implications for design education. In both educational and real-world settings, engineers are expected to work in groups. An analysis of how well groups are working together to create original designs could lead to suggestions for how undergraduate engineering curricula can best shape group design skills.
